Climate change is altering global patterns of precipitation and temperature variability, with implications for parasitic diseases of humans and wildlife. A recent study confirmed predictions that increased temperature variability could exacerbate disease, because of lags in host acclimation following temperature shifts. However, the generality of these host acclimation effects and the potential for them to interact with other factors have yet to be tested. Here, we report similar effects of host thermal acclimation (constant versus shifted temperatures) on chytridiomycosis in red-spotted newts (Notophthalmus viridescens). Batrachochytrium dendrobatidis (Bd) growth on newts was greater following a shift to a new temperature, relative to newts already acclimated to this temperature (158C versus 258C). However, these acclimation effects depended on soil moisture (10, 16 and 21% water) and were only observed at the highest moisture level, which induced greatly increased Bd growth and infection-induced mortality. Acclimation effects were also greater following a decrease rather than an increase in temperature. The results are consistent with previous findings that chytridiomycosis is associated with precipitation, lower temperatures and increased temperature variability. This study highlights host acclimation as a potentially general mediator of climate-disease interactions, and the need to account for context-dependencies when testing for acclimation effects on disease.
Introduction
Most studies of climate change impacts on ecological communities, including how climate influences species interactions, have focused on potential effects of multi-decadal shifts in mean temperature or precipitation (e.g. [1] ). However, climate change is also projected to cause changes in the magnitude and frequency of extreme weather events, including variability in temperature on multiple timescales [2] [3] [4] [5] . The importance of short-term climate variability to species interactions remains an important open question in ecology [6] , and recent studies suggest that temperature shifts on diurnal, daily and weekly timescales influence host-parasite interactions in ways that can be overlooked by constant-temperature experiments [7] [8] [9] . Furthermore, organisms are influenced by multiple climatic factors simultaneously, yet to our knowledge no study has experimentally investigated interactive effects of moisture and temperature variability on species interactions in general or on parasitism in particular. We sought to fill this gap by testing for interactive effects of temperature variability (i.e. a sudden shift in temperature) and moisture on chytridiomycosis, a parasitic infection of amphibians.
Chytridiomycosis, caused by the aquatic chytrid fungus Batrachochytrium dendrobatidis (Bd), is arguably the most damaging known wildlife pandemic, having contributed to hundreds of amphibian declines and extinctions worldwide in the last few decades [10] . Experiments with Bd in vitro indicate that water is necessary for zoospore movement, survival and colonization (i.e. sporangium formation), suggesting that at least a thin film of water must be present for Bd to infect new hosts or to spread across an individual host's skin [11, 12] . Consistent with these observations, numerous field studies have identified correlations between Bd infection and moisture-related variables including precipitation, humidity, aquatic connectivity and host water usage [12] [13] [14] [15] [16] [17] . However, others have found a negative or no relationship between Bd and moisture in certain host species [18, 19] . Experimental measurements of how moisture influences Bd infection in vivo would help to resolve the mechanisms underlying these differences.
Bd growth is also highly temperature-dependent, with growth rates in vitro increasing with temperature until approximately 238C [11] . Temperature-dependence of infection in vivo, however, varies among host species with higher infection levels typically occurring at lower temperatures, probably because of positive temperature-dependence of host immune responses [8, 20] . Furthermore, host resistance to Bd can also be affected by variability in temperature. In a recent study, Cuban treefrogs (Osteopilus septentrionalis) were less resistant to Bd when exposed to random daily temperature fluctuations or following an abrupt shift in temperature, relative to frogs held at a constant temperature [8] , consistent with previous findings that disease-associated frog declines occurred at higher rates following years with elevated month-to-month temperature variability [2] . These patterns were predicted a priori by Raffel et al. [20] , who postulated that ectothermic hosts would be more susceptible to infection following a shift in temperature, because their immune systems have not yet physiologically adjusted for improved performance at the new temperature, whereas parasites are thought to acclimate more quickly because of their smaller size and faster metabolisms [8] . This prediction derives from the Beneficial Acclimation Hypothesis of thermal biology, which states that organisms should respond adaptively following a temperature shift to improve their physiological performance at the new temperature [21] . However, the generality of thermal acclimation effects on Bd infection in host species other than Cuban treefrogs, and the potential for these effects to interact with moisture, have yet to be experimentally tested.
We selected juvenile red-spotted newts to test whether thermal acclimation effects on Bd infection interact with moisture because newts (i) have an extended terrestrial juvenile stage that is sensitive to both temperature and soil moisture [22, 23] , (ii) experience high Bd prevalence in the wild [24, 25] , and (iii) experience seasonal changes in immune parameters consistent with lags in beneficial acclimation [20] . We conducted an experiment in 60 replicate temperature-controlled incubators, crossing three soil moisture levels with two host acclimation temperatures (158C or 258C) and two temperatures for exposure to Bd (158C or 258C). Thus, half the newts were switched to a new temperature just prior to Bd exposure and were not yet thermally acclimated to this 'exposure temperature'. We predicted that newts would be more susceptible to Bd infection following temperature shifts (in either direction), based on field observations showing newt immune parameters lagged following temperature shifts [20] . We also predicted that infection would be more severe at higher moisture levels. Finally, we postulated that decreased soil moisture would reduce the effects of both temperature and host thermal acclimation on Bd infection, either (i) by limiting Bd's ability to establish an infection at all or (ii) by inducing drying stress in the host [22] , thus decreasing the overall effectiveness of (potentially temperature-dependent) host immune responses.
Material and methods (a) Animal collection and maintenance
Larval red-spotted newts (Notophthalmus viridescens) were collected from a pond in Clarke County, GA, USA and transported to the University of South Florida. They were maintained in 40 l aquarium tanks in 10 l of artificial spring water [26] at a density of less than 30 newts per tank. Sand was added to one end of the aquarium, to provide a dry surface where newts could emerge from the water when they metamorphosed. Larval newts were fed zooplankton (primarily copepods) collected from a Bd-free pond on the University of South Florida (USF) campus. After metamorphosis, newts were maintained on moist sandy soil, collected from the USF Botanical Gardens. Soil and sand were autoclaved before and after use to remove any potential amphibian parasites. Juvenile newts were fed springtails, which were cultured on a wet charcoal substrate sprinkled weekly with dried milk. Prior to the experiment, all newts were warmed to 288C for 1 day and then 328C for 4 days, to ensure clearance of any potential existing Bd infection from their collection site. Newts were then maintained at 258C for 1 day and 208C for another day before starting the experiment, to avoid cold-shocking newts in the 158C treatment.
During the experiment, newts were held in individual vented deli containers (350 ml total volume) with moist soil (described below). Each container contained a sterile live oak leaf for the newt to use as a cover item. Newts were fed 5 -10 temperate white springtails (Collembola sp.) weekly and transferred to a fresh container of moistened soil every two weeks (see below).
(b) Experimental design
To ensure true replication of temperature treatments, we used 60 individual incubators with individual thermostats. Each incubator contained two newts in individual containers, one to be exposed to Bd and one to act as an uninfected control. Newts were acclimated to one of two temperatures (158C or 258C) for a four-week acclimation period. Temperature was controlled independently for each replicate using a customized incubator with a Plexiglass window in the lid to provide light, as described by Raffel et al. [8] and in the electronic supplementary methods. At the end of this period, half of the incubators were switched to the other temperature, and one newt in each incubator was inoculated with Bd. Detailed methods for Bd inoculate preparation and newt exposures are provided in the electronic supplementary methods. Mortality was then assessed daily for six weeks, and each newt was swabbed with a sterile swab on days 14 and 28 post-exposure for quantification of Bd abundance (details in the electronic supplementary methods). During this Bd exposure period, temperature treatments were crossed with one of three moisture levels (described below) and assigned to both the infected and control newts in each incubator. Treatments were assigned at random for a total of five replicates of each Moisture Â Temperature Â Acclimation combination.
(c) Controlling soil moisture
All soil for the experiment was collected from the USF Botanical Gardens, in an area with soil classified as Candler fine sand [27] , and autoclaved prior to use to kill any potential amphibian parasites. During the acclimation period (first four weeks), all newts were given soil with a medium moisture level (16% water by mass). During the Bd exposure period (following the temperature shift), however, newts in each incubator were assigned to one of three moisture treatments. We used the methods of Rohr & Palmer [28] to create and maintain soil moisture treatments. Briefly, soil was thoroughly dried at 1008C and divided into three equal portions, and deionized water was added to each portion to generate soil with 10, 16 and 21% water rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142039 (quantified as gravimetric water content, i.e. per cent of water þ soil mass) for our 'Dry', 'Medium' and 'Wet' soil moisture treatments, respectively. The 21% gravimetric water content treatment was saturated soil that had a film of water on the surface. Each batch of soil was thoroughly mixed to reduce variation in soil moisture among replicates of the same moisture treatment. Each newt container received 120 ml of soil, corresponding to approximately 160 g of dry (0% moisture) soil. Thus, each container contained approximately 20.8, 32.0 or 43.2 ml water in the dry, medium or wet treatments, respectively. This procedure was repeated every other week to reapply the same soil moisture treatment with fresh soil for each newt. Given that there should be more evaporative water loss from the warmer terraria, we weighed each terrarium once the moisture treatment was applied and added enough deionized water each week to return the water that was lost to evaporation. This ensured that our temperature and moisture treatments were, for the most part, independent and that there was never any overlap in actual moisture levels among the different moisture treatments [28] .
(d) Statistical analyses
All analyses were conducted using R statistical software [29] . We analysed Bd abundance on infected newts (zoospore genome equivalents (GEs) with abundance ¼ 0 for uninfected newts) using a zero-inflated negative-binomial generalized linear model (function 'zeroinfl' in package 'pscl' [30] ) as described by Raffel et al. [24] . This model includes a zero-inflation component that models infection as a binomial process (uninfected versus infected) and a count component that models infection intensity as a negative-binomial process [31] . To reduce the number of interacting parameters, we simplified this model by using a single parameter for the zero-inflation component, meaning that all the negative counts had the same probability of being true negatives in the model [8, 24] . This model provided a better fit than a regular negative-binomial model (function 'glm.nb' in package 'MASS' [32] ), based on both ease of model convergence and Akaike's information criterion (AIC ¼ 641.9 versus 647.0, respectively). This finding is consistent with results of previous studies [8, 24] and supports the idea that Bd infection operates as a two-step process, i.e. (i) the probability of initial infection by a given zoospore, followed by (ii) the rate of Bd development and spread across the skin of an individual host. As in Raffel et al. [8] , we focused on swabs taken at 14 days post-exposure for the analysis of treatment effects on Bd abundance because the timing of later swabs (15-28 days post-exposure, electronic supplementary material, figure S2 ) was confounded with infection-induced mortality. We tested for all main effects and interactions among treatments (moisture level, exposure temperature and acclimation status). There were no detectable differences in Bd load between the Dry and Medium treatments, i.e. no significant main effect of moisture or interactions between moisture and either temperature or acclimation (all p . 0.05), so these moisture levels were pooled into a single Dry treatment level for subsequent analyses of Bd load. This increased the statistical power of the full analysis and made it easier to interpret regression coefficients for main and interactive effects of moisture.
Each incubator contained one Bdþ and one Bd2 newt to allow a direct assessment of mortality due to infection. We therefore tested for mortality effects of Bd exposure, moisture, exposure temperature and acclimation using a generalized linear mixed effects model with binomial errors (function 'glmer' in package 'lme4' [33] ), with mortality at the end of the experiment (42 days post-exposure) as the response. This approach allowed us to control for the random effect of incubator on newt mortality and avoid pseudoreplication of the temperature and moisture treatments. As with the Bd load analysis, there were no detectable differences in mortality between the Dry and Medium moisture treatments, so we again pooled these moisture levels into a single Dry treatment level for subsequent mortality analyses. We lacked the sample size to test for three-and four-way interactions among these predictors for a binomial analysis (only five newts in some treatment combinations), so we limited this analysis to all possible main effects and two-way interactions.
The significance of all factors was assessed using likelihood ratio tests, excluding higher level terms for marginal predictors. This testing procedure is analogous to Type II sums of squares for normal general linear models.
Results
At 14 days post-exposure, Bd abundance on infected newts was significantly higher at the colder exposure temperature and with higher soil moisture (electronic supplementary material, table S1; figure 1 ). There were also highly significant interactive effects between Acclimation status Â Moisture Â Temperature, with a stronger acclimation effect on Bd load in the Wet treatment (Moisture Â Acclimation: x 2 1 ¼ 7:5, p ¼ 0.006). This effect was greater at 158C than at 258C (Moisture Â Temperature Â Acclimation: x 2 1 ¼ 11:9, p ¼ 0.003; figure 1 ; electronic supplementary material, table S1). Both the Moisture Â Acclimation and Moisture Â Temperature Â Acclimation interactions indicated lower Bd loads in newts that had been acclimated to the exposure temperature, relative to newts shifted to a new temperature immediately prior to exposure. However, this acclimation effect was greater following a decrease than an increase in rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142039 temperature, with the difference between acclimated and unacclimated newts being approximately 60 000 zoospore GE at 158C but only approximately 25 000 GE at 258C (figure 1a). Mortality was higher for Bd-exposed newts than the control newts and for newts at the highest moisture level than those in the lower moisture treatments, with an interactive effect of the Bd-exposure and moisture treatments (figure 2; electronic supplementary material, table S2). Newts exposed to Bd experienced nearly 10-fold higher mortality than control newts at the highest moisture level, but there was no significant difference in mortality between Bd-exposed and control newts at the lower moisture levels (Infection Â Moisture: x , table S2 ). There were no significant main or interactive effects of temperature or acclimation status on newt mortality (electronic supplementary material, table S2).
Discussion
Our study revealed a significant synergistic effect of temperature and moisture on Bd infection in red-spotted newts, with Bd abundance only reaching high levels (greater than 10 000 zoospore equivalents [34] ) in newts maintained at the highest moisture level and the cooler temperature treatment, and elevated mortality only occurring with high moisture. These results are consistent with previous studies showing that Bd loads frequently correlate with precipitation patterns in the field, probably because Bd is an aquatic pathogen requiring water for zoospore dispersal [11 -13] . Our results are also consistent with previous experiments showing greater mortality due to infection and Bd abundance on frogs at lower temperatures [10, 35, 36] , despite Bd growth in culture generally increasing with temperature up to a maximum growth temperature of approximately 238C [11, 37, 38] . This might be because amphibian immune responses are stronger at higher temperatures, such that the temperature-dependence of infection depends on the relative rates at which parasite infectivity and host resistance increase with temperature [8] . Our results show that newt resistance to Bd is greater at 258C than 158C; this is consistent with observed increases in immune parameters and decreases in Bd with temperature in wild newts [20, 24] .
temperature, because of a delay in beneficial acclimation of the immune system. We found evidence of beneficial acclimation regardless of the direction of the temperature shift (i.e. 15 to 258C or 25 to 158C), consistent with field patterns showing lower-than-expected levels of immune parameters for newts in the field following both temperature increases and decreases [20] . We also found a greater acclimation effect following a decrease in temperature, relative to an increase, consistent with acclimation effects on Bd infection in Cuban treefrogs [8] and seasonal patterns of immune parameters in adult newts [20] . These similarities are striking given that newts are taxonomically and ecologically dissimilar from Cuban treefrogs, suggesting that acclimation effects on Bd infection might be widespread in amphibians. Further work with other ectothermic hosts will be needed to determine whether thermal acclimation of the immune system continues to exhibit consistent patterns across host species.
The Temperature Variability Hypothesis described by Rohr & Raffel [2] postulates that delays in host acclimation following temperature shifts could drive increased infection rates in fluctuating temperature environments, assuming that parasite acclimation responses occur more rapidly than those of their hosts [8] . This study adds support for host acclimation effects postulated by this hypothesis. Whether and how quickly the pathogen acclimates to new temperatures remain uncertain, though a recent study of Bd growth in culture suggests that the pathogen's thermal history has important effects on the temperature-dependence of zoospore production and population growth rates [38] . These results highlight the complexity of fluctuating temperature effects on infectious disease, which are further complicated by differential host and parasite responses to variation at different temporal ( [7, 8] , e.g. diurnal [39] ) and spatial (e.g. behavioural fever [40] ) scales. Predicting effects of altered climate variability on Bd infection in amphibians will thus require a better understanding of both host and parasite responses to temperature fluctuations on multiple scales.
It is not surprising that higher soil moisture levels would drive higher Bd growth rates on juvenile newts, given that Bd is an aquatic fungus [10] . However, the Dry and Medium moisture treatments yielded similar Bd growth rates, despite a nearly two-fold difference in moisture between these treatments. We propose that the observed increase in Bd growth on newts in the Wet treatment was driven by the presence of the visible film of liquid water on the soil surface, which probably facilitated zoospore dispersal to the hosts' skin during initial infection and the subsequent spread of infection across the skin [11, 12] . Below the soil's saturation point, there might have been too narrow a film of water for zoospores to disperse, making these treatments qualitatively different from the Wet treatment. An alternative possibility is that excess moisture induces physiological changes in terrestrial amphibians that cause them to be more susceptible to infection. For example, excessive water might cause immune suppression via physiological stress [41] , or induce changes in skin morphology that allow easier penetration by Bd zoospores. However, microscopic examination of the skin of control newts from this study revealed no obvious effects of soil moisture on skin morphology, so any such effects would need to have been at the cellular level. In addition to demonstrating that soil moisture can increase Bd growth on a terrestrial amphibian, our results have potentially important implications for newt survival in populations harbouring Bd. Infected newts in the Dry or Medium moisture treatments maintained low Bd zoospore levels and rates of mortality indistinguishable from uninfected control newts over a six-week period. Newts living in forest habitats likely only intermittently experience conditions as moist as in the Wet treatment (i.e. rainy days), and even then should be able to seek relatively dry microhabitats [23] . This type of behavioural response could be similar to 'behavioural fever', in which infected hosts move to warmer microhabitats to rid themselves of a temperature-dependent infection [40] . Consistent with this idea, prior work showed that Bd-infected boreal toads selected dry microhabitats at a greater rate than uninfected toads [36] , and both boreal toads and Panamanian golden frogs had lower Bd infection levels and/or mortality when provided the option of a dry microhabitat instead of being forced to live in shallow water [36, 42] . Similarly, Longo et al. [18] provided infected frogs a choice between moist and dry conditions but did not directly measure behavioural responses to Bd exposure, instead showing that frogs huddled together in wet microhabitats under drought conditions are more likely to die from Bd. Regardless of behavioural responses to infection, however, our results suggest that terrestrial newts might be capable of tolerating Bd infection for extended periods (i.e. more than six weeks), assuming that they can avoid wet microhabitats. Based on a recent study showing that amphibians can acquire improved resistance to Bd following repeated exposures [35] , adult newts could plausibly return from their terrestrial juvenile stage with substantially improved resistance to Bd, possibly helping to explain reports of widespread Bd infection in aquatic adult newts despite no evidence for Bd-induced pathology or population declines in this species [24, 25] .
In conclusion, we found that newts were less resistant to Bd infection following an abrupt temperature shift, relative to newts already acclimated to the new temperature, with a stronger effect following a temperature decrease than an increase. These results are consistent with numerous field studies showing increased Bd prevalence and abundance at lower temperatures, and with previous studies of thermal acclimation effects on amphibian immunity and resistance to Bd. However, these acclimation effects were only observed in infected newts maintained on water-saturated soil, which caused elevated levels of Bd growth on newts and infection-induced mortality. These results have potentially broad relevance for amphibian diseases, many of which are water-transmitted and might also experience interactive effects of moisture and temperature variability. Further studies into the range of microhabitats available to amphibians and the extent to which amphibians select microhabitats to mitigate disease risk will be needed to determine the full conservation implications of these results. Nevertheless, this study contributes to our understanding of how temperature variability and moisture influence Bd infection in amphibians, and highlights the potential complexity of environmental effects on infectious diseases.
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